Abstract-A two-photon absorption microcavity-based technique for monitoring in-band optical signal-to-noise ratio (OSNR) in nonreturn-to-zero phase-shift-keying systems is presented. Experiments using a 10-Gb/s differential phase-shift-keying system showed that accurate measurements ( 1 dB) were possible for OSNRs in excess of 20 dB.
I. INTRODUCTION
R ECENTLY, phase-shift-keying (PSK) modulation formats have become popular in optical transmission systems because of their sensitivity improvement over standard on-off keying (OOK) and their potential for greater spectral efficiency [1] . In such systems, it remains important to monitor the optical signal-to-noise ratio (OSNR) throughout the network. It has been shown that the introduction of amplified spontaneous emission (ASE) noise near the start of a transmission link has a larger effect on PSK than equivalent OOK systems because it results in detrimental nonlinear phase noise as it copropagates with the signal [2] . OSNR is often measured spectrally by comparing the optical power within and between channels. This out-of-band measurement becomes difficult to use in high density wavelength-division-multiplexed (WDM) systems where the spectral efficiency is high, and for systems where optical filtering renders an in-band noise level which is significantly different from that found out-of-band. including the orthogonal delayed-homodyne method [3] , the polarization nulling method [4] , and polarization diversity technique [5] . These techniques show great promise, however, they do have some draw-backs. The orthogonal delayed-homodyne method requires a high-frequency receiver and radio-frequency (RF) spectrum analyzer, two relatively expensive components. In contrast, [4] and [5] have low component costs but rely on the assumption that the ASE is completely unpolarized; this assumption has been shown to generate significant errors in systems with polarized noise [6] . In this letter, we present a simple technique for monitoring OSNR in nonreturn-to-zero (NRZ)-PSK systems based on two-photon absorption (TPA) in a semiconductor microcavity.
II. PRINCIPLE
TPA is a nonlinear absorption process which occurs when incident photons have less energy than the semiconductor bandgap but greater than half the band-gap, . This means that the absorption of two photons results in the generation of a single electron-hole pair. The resulting generated photocurrent is proportional to the incident electric field to the power of 4. This means that the TPA photocurrent is a function of the peak power and duty cycle of the incident optical signal. This fact has been used to implement optical autocorrelators [7] , and for the monitoring of dispersion [8] . More recently, it was shown that the TPA photocurrent is a function of the OSNR [9] . This can be understood if we consider the electric field of a quasi-monochromatic signal and that of spontaneous emission . These can be represented as
where and are independent random variables with Gaussian probability density functions (zero mean and variance). Because these electric fields have quite different probability density functions when we calculate their moments we find From these expressions and since (7) (8) where is the optical power and is the TPA photocurrent it follows that (9)
The result is that spontaneous emission generates twice the TPA photocurrent as a coherent continuous-wave (CW) signal of the same average power. This can be intuitively understood if you consider the higher peak-to-average-power ratio of a signal dominated by intensity noise when compared to a noise free signal. If both noise and a modulated signal are incident on the detector, the total time averaged photocurrent can be expressed as (11) where is the average optical power. is related to the OSNR (in decibels) by nm
where is the noise equivalent bandwidth. is the signals effective duty cycle given by (13) and and are coefficients relating to the single and TPA efficiencies, respectively. This means that if the effective duty cycle is known, then the TPA photocurrent can be used to find the OSNR. In many cases, the exact duty cycle is not known so the TPA photocurrent cannot be used to uniquely define the OSNR. In addition, for the special case of NRZ-OOK, if , then the TPA photocurrent is independent of the OSNR. However, in NRZ-PSK systems where no intensity modulation is present [for transmitters using phase modulators (PMs)], the duty cycle is known to be 1 and, therefore, can be eliminated from (11). For NRZ-PSK transmitters using Mach-Zehnder modulators, the short dips in intensity at the transitions results in a duty cycle less than one; however, knowledge of the RF amplifier and modulator rise-times can also be used to accurately calculate which can be used to solve (11) . Because of the high speed of the TPA process, this means that the in-band ONSR can be monitored independently of the data rate. Rearranging (11) and setting equal to unity gives an expression for the OSNR (14) Unfortunately, dispersion will cause a small reduction in , resulting in an underestimate of the OSNR. However, for short reaches and longer dispersion-compensated systems, this effect is small. Assuming the dominant error is in the photocurrent measurement, the uncertainty in the measured OSNR value is given by (15) where is the variance in the photocurrent measurement.
III. EXPERIMENT
The setup shown in Fig. 1 was used to demonstrate the TPA OSNR monitoring technique experimentally. An external cavity laser (ECL) at 1558.7 nm was used in conjunction with a LiNbO optical PM and a 10-Gb/s PRBS data source (PPG) to form a 10-Gb/s NRZ differential phase-shift-keying (NRZ-DPSK) transmitter. A cascade of two erbium-doped fiber amplifiers (EDFAs) followed by a 1-nm filter and a variable optical attenuator (VOA) was then used to introduce a known amount of band-limited ASE to the signal, thereby degrading the OSNR. The resulting signal was passed to the OSNR monitor, and a DPSK receiver for eye measurements. An OSA was used for verification of the OSNR. The OSNR monitor was formed by a GaAs microcavity TPA photodetector [10] followed by a picoammeter (PA). A second VOA was used to ensure that optical power onto the TPA photodetector remained at a constant average power of 5-dBm independent of the OSNR. The polarization of the PSK signal was aligned to maximize the TPA photocurrent, while the ASE was left unpolarized. Fig. 2 shows the variation of the measured photocurrent as the OSNR was varied along with a fitted curve given by (11) . Since ASE generates twice as much TPA photocurrent as a CW signal with the same average optical power, the total measured photocurrent is seen to increase by 500 pA as the OSNR is decreased from 30 to 6 dB while the average optical power is kept constant. Calibration measurements gave the values for and of A/W and A/W , respectively. The OSNR values calculated by (14) are shown in Fig. 3 ; the results have good agreement allowing 1-dB measurements for OSNRs in excess of 20 dB for a photocurrent measurement with an error of 10 pA.
To highlight the effect of this OSNR reduction on system performance, Fig. 2 insets (a) and (b) show received eye-diagrams following a DPSK demodulator [implemented using a 1-bit delay interferometer (DI)] for a selection of OSNRs. As expected, the eye is seen to close with the addition of ASE, which would result in a significant increase in bit-error rate. The TPA microcavity used had a resonance enhanced bandwidth of 1.2 nm centered at 1558.7 nm which can be tuned by 5 nm with adjustment of the incident optical angle. While this is nonoptimal for this application, the cavity mirrors could potentially be designed to accommodate a smaller channel bandwidth thereby increasing the enhancement of the TPA process. This would allow the monitoring of a single WDM channel. One drawback of TPA is its polarization dependence [11] ; however, this could be overcome with a polarization diversity configuration.
IV. CONCLUSION
We have presented a novel technique for the monitoring of OSNR in NRZ-PSK transmission systems using TPA in a semiconductor microcavity. Experiments using a 10-Gb/s DPSK system show that monitoring of OSNRs up to and above 20 dB would be possible with less then 1-dB error. The technique has the advantages of simplicity, low cost, and ease of integration and in principle is insensitive to data rate.
